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Abstract: The impact of copper oxidenanoparticles (CuONPs) on cropproduction is dependent on thebiogeochemistry of Cu in
the rooting zone of the plant. The present study addressed the metabolites in wheat root exudates that increased dissolution of
CuONPs andwhether solubility correlatedwith Cu uptake into the plant. Bread wheat (Triticum aestivum cv. Dolores) was grown
for 10dwith 0 to 300mgCu/kg as CuONPs in sand, amatrix deficient in Fe, Zn,Mn, andCu for optimumplant growth. Increased
NP doses enhanced root exudation, including the Cu-complexing phytosiderophore, 20-deoxymugineic acid (DMA), and
corresponded to greater dissolution of the CuONPs. Toxicity, observed as reduced root elongation, was attributable to a
combination of CuONPs and dissolved Cu complexes. Geochemical modeling predicted that themajority of the solution phase
Cuwas complexedwithcitrate at lowdosingorDMAathigherdosing.Alteredbiogeochemistrywithin the rhizospherecorrelated
with bio-responses via exudate type, quantity, and metal uptake. Exposure of wheat to CuONPs led to dose-dependent
decreases in Fe,Ca,Mg,Mn, andK in roots and shoots. Thepresent study is relevant to growth of a commercially important crop,
wheat, in the presence of CuONPs as a fertilizer, fungicide, or pollutant. Environ Toxicol Chem 2018;37:2619–2632. �C 2018
SETAC
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INTRODUCTION

Copper oxide nanoparticles (CuONPs) are globally produced
(Keller et al. 2013) for industrial applications in sensors, catalysts,
solar energy conversion, electronic printing, surfactants, and
antimicrobials (Bondarenko et al. 2012; Wang et al. 2013;
Ahamed et al. 2013). They also have potential use in agriculture,
as a nutrient source or as a pesticide (Monreal et al. 2015; Elmer
and White 2016; Dimkpa and Bindraban 2017; Rodrigues et al.
2017). Application of these products in agriculture may
contribute to their environmental accumulation. Incidental
contamination of soils via waste streams andbiosolid application
may also occur (Lee et al. 2010; Rivera Gil et al. 2010). Copper
oxide NPs are phytotoxic to lettuce and maize in hydroponic
conditions with application of 10mg NP/L (the lowest
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concentration tested; Wang et al. 2012; Trujillo-Reyes et al.
2014) and to beans in a sand matrix at the test concentration of
250mgCu/kg with no effect at 100mgCu/kg dosing (Dimkpa
et al. 2015). Sublethal doses of CuONPs resulted in visible effects
on root morphology, with shortening, fattening, and root hair
changes at concentrations as low as 10mgCu/kg (Wright et al.
2016; Yang et al. 2018). When added to soil (loamy sand, 1.6%
organic carbon, pH 6–6.5) CuONPs at 500mg Cu/kg also
showed toxicity via decreased root length in wheat (Gao et al.
2018) but had little effect on green peppers grown in a silty loam
soil (pH 7.5; Rawat et al. 2018). Differences in soil properties (pH,
organic matter content, mineral type and concentration), plant-
dependent responses (rhizosphere processes including pH
alterations and root exudates), and experimental designs
influence CuONP bioavailability and, thus, test results. This
necessitates an increased understanding of the responses
induced in plants byNPs preceding further NP use in agriculture.

Copper is an essential micronutrient for plant growth. In
general, plants regulate Cu concentrations in aboveground
tissue at an upper threshold of 20 to 30mgCu/kg dry shootmass
�C 2018 SETAC
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(Marschner 1995). The upper threshold for wheat is reported as
17 to 18mgCu/kg dry shoot weight (Davis and Beckett 1978;
Fageria 2001). At levels above this threshold, Cu becomes toxic
(Marschner 1995; Michaud et al. 2007, 2008). Plant mechanisms
for maintaining homeostasis of Cu include producing specific
metabolites in root exudates to increase or decrease bioavail-
ability of Cu from the rhizosphere regulating Cu uptake.
Metallochaperones move Cu internally, with sequestration as
a nonharmful form (Clemens et al. 2002). Specific efflux pumps
remove Cu from the cells (Clemens et al. 2002), and Cu binding
to plant cell walls is seen in roots (Kopittke et al. 2011, 2014;
Peng et al. 2015; Meychik et al. 2016). Phytotoxicity occurs when
these systems are overwhelmed.

The bioavailability of Cu is controlled by soil-solution phase
chemistry, particularly in the region surrounding the root surface,
the rhizosphere. Porewater pH and dissolved organic carbon
(DOC) are most influential on Cu mobility and bioavailability
(Sauve et al. 2000;Michaud et al. 2007). Copper exists in solution
in the rhizosphere as a free ion (Cu2þ) or as complexes with
inorganic or organic ligands. The metabolites released from the
roots in exudates and secreted from root-colonizing microbes
complex Cu among other metals, driving soil Cu mineral
dissolution and affecting bioavailability because ligands are
differentially taken up by plants (Parker et al. 2001; Violante and
Caporale 2015; Chen et al. 2017). These same processes that
affect soil Cu mineral dissolution will also affect CuONP
solubility. Uncertainty remains regarding the extent to which
CuONPs may inflict toxicity directly or via Cu ions released from
the CuONPs (Stampoulis et al. 2009; Shi et al. 2011; Atha et al.
2012; Trujillo-Reyes et al. 2014; Anjum et al. 2015), but
increasing ion release via exudate dissolution of NPs will drive
the bioavailability and toxicity of Cu.

Metabolites in wheat root exudates that complex Cu include
the phytosiderophore 20-deoxymugineic acid (DMA), which is
secreted from wheat roots grown under Fe-deficient conditions
and, in addition to forming Fe–DMA, will complex with Cu (Ma
and Nomoto 1993; Xuan et al. 2006). The stability constant for
the Cu–DMA complex (logK¼ 18.7) is similar to that for Fe(III)–
DMA (logK¼ 18.4; Murakami et al. 1989). Indeed, the lower Fe
levels in shoots of wheat grown in hydroponic solutions with
increased dosing of Cu (Michaud et al. 2008)may be attributable
to the phytosiderophore–Cu complexation limiting Fe uptake.
Other low–molecular weight organic acids in root exudates, such
as citrate and malate, also complex Fe and Cu, to solubilize
minerals. Increased solubility through complexation can drive
uptake into the plant or root-associated bacteria. For example,
citrate complexes Cu and enhances Cu uptake by the root
colonizer Pseudomonas putida (McLean et al. 2013). Amino
acids also leach sufficiently high levels of Cu from CuONPs to
cause toxicity to the bacterium Escherichia coli in culture
solutions (Gunawan et al. 2011). Soil application of the root
exudates oxalate and citrate from the leopard lily, Belamcanda
chinensis, increase Cu uptake in a grass, Echinochloa crus-galli
(Kim et al. 2010). Competing similar stabilities between Cu and
Fe for various ligands makes this system in the rhizosphere
nontrivial (Callahan et al. 2006). The concentrations of organic
ligands in the root exudates, which play a crucial role in metal
�C 2018 SETAC
bioavailability in the rhizosphere, increase with higher doses of
Cu ions (Nian et al. 2002; Michaud et al. 2008). Effects of CuONP
doses on root exudation have implications for plant metal
uptake and homeostasis (Clemens 2001), thus illustrating the
need to understand solution phase biogeochemistry in the
rhizosphere.

Hydroponic studies illustrate that Cu complexesmay increase
or decrease Cu bioavailability (Parker et al. 2001; Michaud et al.
2008; Ryan et al. 2013). However, hydroponic systems have
several shortcomings. Jones (1998) highlights that hydroponi-
cally grown roots are morphologically and physiologically
different from those grown in solid systems, including the lack
of root hairs, mechanical impedance, and water stress. For
example, hydroponic systems overestimated 50-fold the phy-
tosiderophore release rates from wheat compared with plants
grown on a calcareous soil (Oburger et al. 2014). Gao et al.
(2018) in an agricultural soil emphasized the importance of
rhizosphere factors such as pH alteration and exudation in
influencing dissolution of CuONPs. However, no quantification
of specific exudates was performed (Gao et al. 2018).

The present study evaluates the interactions between root
exudates of bread wheat (Triticum aestivum cv Deloris) and
CuONPs at sublethal levels in a sand matrix. This model solid
matrix acts as a proxy for soil in terms of plant root morphology,
mechanical impedance, and water stress, while allowing for the
isolation of root exudates and determination of Cu–exudate
complexes. Plants grown in sand lack contributions from
dissolved organic compounds typically found in soils, such as
fulvic acids or metabolites from the soil microbes, that could act
as metal ligands. This allows for a focus on the evaluation of
ligands produced by the plant in response to CuONP
challenges. Indeed, the restricted low Fe content of sand
promotes the secretion of phytosiderophores that likely partici-
pate in dissolution of the NPs and complexation of Cu. Our
findings will demonstrate the rhizosphere processes that
influence the role of plant exudates in the responses of plants
to growth with CuONPs. Specifically, the present study
addresses how root exudate metabolites drive dissolution of
the NP into Cu2þ ions and complexes to affect Cu uptake by the
wheat plant. Although other research suggests that root
exudates function in the dissolution of NPs in the rhizosphere
(Peng et al. 2017; Gao et al. 2018), the process has not been fully
studied. In the present study, the solution phase of the wheat
rhizosphere was analyzed to better understand CuONP–wheat
root interplay. From the findings, mechanisms of CuONP toxicity
were inferred, and the plant response in managing metal
homeostasis was investigated.

MATERIALS AND METHODS

Characterization of NPs

Copper oxide NPs obtained from Sigma-Aldrich (product no.
544868), nominal manufacturer reported size <50 nm, were
characterized in deionized water and in porewater from wheat-
planted sand for aggregation, shape evolution, and surface
charge (Dimkpa et al. 2011, 2012, 2013; Supplemental Data,
Table S1). Characterization showed that the CuONPs
wileyonlinelibrary.com/ETC
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aggregated to submicron-sized clusters in both deionized water
and the presence of wheat plants (Dimkpa et al. 2011, 2012,
2013). The CuONPs contained low levels of Al, Fe, Mn, and Zn
contamination (<0.02% metal/kg NP; Hortin 2017).
Plant growth conditions

White silica sand (UNIMIN) was washed with deionized water
3 times and heated for 12 h in a 550 8Cmuffle furnace to remove
organic matter. After washing in deionized water again, sand
was dried at 150 8C. Some soluble organic matter remained
despite themuffle furnace treatment. The backgroundDOCwas
<5mg/L in a 2:1 water:sand extraction, and 1.5mg/L each of
formate, acetate, and gluconate were detected.

Nitric acid digestion of the muffle furnace–treated sand
showed low amounts of total Al (746mg/kg), total Fe (347mg/
kg), and total Cu (0.4mg/kg); <2% of these levels were water-
soluble (2:1 deionized water:sand; Supplemental Data,
Table S2). A diethylene triamine pentaacetic acid (DTPA)–
ammoniumbicarbonate extraction (Reed andMartens 1996) was
performed to assess plant available metals in the sand. Use of
DTPA (0.005M) buffered with ammonium bicarbonate extrac-
tion at pH7.6 is a standard test to define nutrient requirements in
alkaline soils for various crops, including wheat (Reed and
Martens 1996). The sand was deficient in Fe, Zn, Mn, and Cu for
optimum wheat growth (Supplemental Data, Table S2). Water
content at field capacity of the sand was determined by allowing
the saturated sand to freely drain overnight, and the results
(10%m/m) were similar to those reported by Saxton and Rawls
(2006).

Growth studies were established in a randomized block
design with studies being blocked on time, because of
limitations in handling and analyzing the number of growth
pots at harvesting. Each experimental design was repeated 3
times, with triplicate replications of treatments within each study
time. The studies were replicated completely, as opposed to
one CuONP dose each time, to avoid biological and procedural
bias. The first 2 experimental replicate sets included a control (no
NPs) and dosing at 30, 100, and 300mg Cu/kg. The third
experimental replicate included 2 additional doses of CuONPs
(10 and 200mgCu/kg). The dose range was selected to include
levels that, although sublethal, caused a significant decrease in
root length correlating with increased oxidative stress (Dimkpa
et al. 2012).

The CuONP powder was added to dry sand at the specified
doses, followed by shaking the mixtures for 30min in acid-
washed 1000mL HDPE Nalgene bottles to homogenize the
samples. The sand–NP samples were autoclaved anddistributed
into sterile MagentaTM growth boxes (21�7� 7 cm; Sigma-
Aldrich) used for planting. Autoclaving would not have affected
this already oxidized, crystalline CuONP. A Ca(NO3)2 filter-
sterilized solution (0.7mM) was added to the sand in the
Magenta boxes for wetting the sand and providing background
ionic strength, with Ca promoting seed germination and root
growth.

In preliminary studies, 300g of sand was used for plant
growth at all concentrations of CuONPs. With the lower CuONP
wileyonlinelibrary.com/ETC
doses, the roots extended through the sand to the box base; but
at the higher dosing, stunted roots penetrated only the top 2 cm
of the sand. To ensure that the roots were fully distributed
throughout the sand for all treatments (i.e., so that all of the sand
and CuONPs are rhizosphere-influenced), the mass of sand was
reduced proportionally (Supplemental Data, Table S3). The
0.7mM Ca(NO3)2 solution was added to the previously
homogenized NP–sand mixture at 1.5 times the water content
at field capacity (a solution to sand ratio of 0.15mL/g). The
Magenta boxes are completely enclosed, so there was no free
drainage of the added solution and minimal loss as a result of
evapotranspiration.

Seeds were surface-sterilized by immersing in 3% NaOCl
(Clorox) for 10min, followed by rinsing in sterile deionizedwater,
and pregerminated on lysogeny broth agar plates for 4 d, to
assess microbial sterility. Microbe-free seedlings (25 per
Magenta box) were transferred to the treated sand. Plants
were grown for 10d (14d postgermination) under fluorescent
lights (28 8C, 16:8-h light:dark, generating a photosynthetic
photon flux density of 144mmolm�2 s�1 at the lid of the
Magenta box) in conditions previously described (Dimkpa et al.
2012, 2013). Boxes having a higher CuO NP dose and less sand
were raised such that the level of the sand relative to the incident
light was uniform for all treatments. Boxeswere randomlymoved
daily to minimize any light effects on the shoots. Boxes
containing equivalent NP treatments without plants, termed
“unplanted,” were included as abiotic controls. Treatments
using a Cu salt, as a Cu ion control, were not included. Addition
of aCu salt at concentrations basedonmeasurements of CuONP
solubility in the sandmatrix (Dimkpa et al. 2012) do notmimic the
dynamic uptake/dissolution process of the NP-planted system;
Cu ion release from NPs in wheat-planted systems is time-
dependent and generates an intense gradient from the NP
source (Dimkpa et al. 2012).
Analysis of plant tissues and sand after
harvesting

At harvest, the roots were distributed throughout the sand
growth matrix (Supplemental Data, Figure S1); the root directly
influenced the sand–NP mixture. After 10d of growth in contact
with the NPs (14d postgermination), 0.7mM Ca(NO3)2 solution
was added to each box with the seedlings to flush exudates from
roots. This process was started 3 h after the start of the
photoperiod for maximum phytosiderophore exudation (Ob-
urger et al. 2014). The volume used for each treatment was
equivalent to the volume added at seed planting (Supplemental
Data, Table S3). An exception was for the 300mgCu/kg dose,
where an additional known volume was added (Supplemental
Data, Table S3) to provide adequate volumes for analyses. The
solution was equilibrated with the sand in the presence of the
plants for 15min. Plants were removed from the sand and
measured for longest root and shoot, and roots were washed
thoroughly with deionized water. Shoots were cut above the
coleoptile because our observations indicate that CuONPs are
bound to this tissue, biasing shoot uptake results (Wright et al.
2016). Tissue was dried overnight at 60 8C, digested using nitric
�C 2018 SETAC
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acid (Jones and Case 1990), and analyzed for Cu, Fe, Mn, Ca,
Mg, and K by inductively coupled plasma mass spectroscopy
(ICP-MS; Agilent 7700x; US Environmental Protection Agency
1986 [method 6030]). The sand from each box was thoroughly
mixed and extracted using nitric acid and hydrogen peroxide
(US Environmental Protection Agency 1986 [method 3050]) with
analyses of the extract for trace elements and major cations by
ICP-MS.
Analysis of porewater

Porewater was removed from sand by transferring the
contents of the boxes into autoclaved, 100-mm diameter,
long stemglass funnels stoppedwith glass wool andplacedonto
vacuum flasks. Extraction of the liquid from the sand was aided
with application of a vacuum. The collected solution was then
filtered through a 0.2-mm nylon filter (Environmental Express) to
remove aggregated NPs and large composites from plant
growth. The intent of the present study was to evaluate the
chemistry of dissolved Cu.

To evaluate metal speciation in greater detail than traditional
methods, the “soluble” fractions were differentiated by size
using 2 methods, microcentrifugation and 3-kDa ultrafiltration.
In water quality analysis “dissolved” has been traditionally
defined as the filtrate collected after passage through a 0.45- or,
more recently, a 0.2-mm filter. Because NPs are defined as
particles <100nm in at least one dimension, intact or partially
dissolved nano-sized particles, but not their aggregates, will
pass through a 0.2-mm filter (Gajjar et al. 2009; Dimkpa et al.
2012, 2013). Thus, from traditional environmental science
definitions, NPs would normally be classified as “dissolved”;
but in the context of nanotoxicology, further distinctions are
important because the size of the particle has direct implications
for bioavailability and toxicity (Mudunkotuwa et al. 2012). The
NPs must be removed to accurately define dissolved Cu. To
better define dissolved Cu, porewaters were centrifuged at
14 000g for 14min using an Eppendorf centrifuge 8504
(Eppendorf rotor F45-30-11; Dimkpa et al. 2012, 2013) before
ICP-MS analyses. Based on the Stokes-Einstein equation, this
procedure sedimented particles >30nm. Dynamic light scatter-
ing (DLS; DynaPro NanoStar; Wyatt Technology) showed that
the remaining particles in solution after centrifugation had a
mean diameter of 8 nm. Aggregation of CuONPs previously
observed in deionized water and sand matrices (Dimkpa et al.
2012, 2013) may explain the lack of particles in the 10- to 30-nm
range; therefore, this fraction of Cu is defined in the present
study as Cu<10. This fraction could include Cu2þ, Cu complexed
to ligands <10nm, and Cu associated with suspended material
<10 nm including NPs. To remove NPs <10 nm, additional
solutions were processed through 3-kDa Amicon-Ultra Centrifu-
gal Ultrafilters (Millipore; 4000g for 30min), estimated to
remove CuONPs >2 nm (Cu<2) based on pore size analysis
(Guo and Santschi 2007). This fraction includes Cu2þ and Cu
complexed to ligands <2 nm. Subsequent DLS analysis of the
filtrate confirmed removal of all particles >2 nm. Free Cu2þ

activity was measured using a Cu ion-selective electrode (Orion
96-29 Ionplus) following the procedures described by Rachou
�C 2018 SETAC
et al. (2007) for solutions with low ionic strength and DOC. The
electrode was calibrated against a solution of 1mM iminodi-
acetic acid, 1mM Cu-nitrate, 6mM NaOH, and 2.5mMK acid
phthalate. By altering the pH, the extent of Cu complexation
varied in solution to provide free Cu2þ for probe calibration from
10�4 to 10�14M.

The pH of the 0.2-mm filtered solution was determined by
standard methods (American Public Health Association 2012
[method 4500]). Dissolved organic carbon was determined for
both the microcentrifuged supernatants, defining the <10nm
fraction (DOC<10), and the 3-kDa ultrafilter filtrates, defining the
<2 nm fraction (DOC<2), by combustion using a TOC analyzer
with IR detection (Apollo 9000; Teledyne Tekmar; method 5310
B [American Public Health Association 2012]). Amino acids in the
0.2-mm filtered solution were determined by high-pressure
liquid chromatography (HPLC; Aquity; Creager et al. 2010). Ion
chromatography using a Dionex ICS-3000 equipped with a
Dionex IonPac AS11-HC analytical column and guard column
and a Dionex ASRS-ULTRA Anion Self-Regenerating Suppressor
(Dionex) determined low–molecular weight organic acids. For
total carbohydrates, a sulfuric acid method with a glucose
standard was used, with quantification using a Genesys 6
ultraviolet-visible spectrophotometer (Thermo Scientific) at
315 nm, per Albalasmeh et al. (2013). Protein concentration
was determined via the BCAProtein Assay Kit (Thermo Scientific)
measuring absorbance at 576 nm. Acetone precipitation was
used to minimize interferences.

The phytosiderophore DMA was determined in the 3-kDa
ultrafiltrate (Millipore) and quantified against a certified standard
(Toronto Research Chemical) by liquid chromatography triple
quadrupolemass spectroscopy (LC-QqQ-MS; Agilent 1290 ultra
HPLC 6490) with a zwitterionic column (150� 1.0mm i.d.) and a
guard column (14� 1.0mm i.d.) fromSeQuant. The LC-QqQ-MS
was operated using dynamicmultiple reactionmonitoringmode
with chromatograms for the 305 to 186 transitions for quantify-
ing DMA. The mobile phase was 0.1% formic acid, similar to the
method described by Schindlegger et al. (2014). The 3-kDa
microcentrifuged filtrate was analyzed because the <10nm
fraction led to carryover of Cu during analysis. The molecular
weight of DMA is 304.299g/mol, and DMA is a sexadentate-
chelating agent, forming a 1:1 complex with Cu2þ and 1:1
complexes with Fe3þ, with or without inclusion of Hþ or OH–

(Murakami et al. 1989). These complexes would pass a 3-kDa
filter. The samples also were acidified to release Cu or Fe from
the complex to measure total uncomplexed DMA.
Data processing

Maintaining a uniform density of the rooting system
throughout the sand for each dosing of NPs required a reduction
in the amount of sand used at the higher CuONP concentrations
because of NP-stunted root morphology. Volumes of the
0.7mM Ca(NO3)2 solution applied to the sand at planting and
for extraction were also proportionally varied for each treatment
(Supplemental Data, Table S3). Water loss during growth was
assessed in a separate experiment, with identical conditions as
above. After 10 d of growth, plants were removed carefully; the
wileyonlinelibrary.com/ETC
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remaining sand was mixed thoroughly before removing tripli-
cate samples from each Magenta box and drying at 60 8C. The
percentage moisture was used to assess how much water
remained in the sand. The same was done for unplanted
replicates. Because each treatment used a different volume of
Ca(NO3)2 for planting and extraction and the treatment affected
water uptake by plants, volumes were normalized to the volume
ofwater in the sand after harvesting. This factor was applied to all
concentrations (metals and ligands) to account for dilution by
extraction volume.
Statistical analysis

We used JMP 8 (SAS Institute, Ver 5.01) for one-way analysis
of variance (ANOVA) blocked on 3 experiments repeated over
time and Tukey’s honestly significant difference to compare
significant responses from different NP doses. Transformations
(log) were performed to satisfy constant variance and normality
when required. Power of the test was also calculated at >75%
with n¼ 9. Data below method detection limit, the censored
data, were imputed using a log-normal distribution of quantifi-
able data and assigned a value randomly based on an
extrapolation of that log-normal distribution (Cohen 1959).
This method was only applied if >60% of the data were
reportable to define the distribution of quantifiable values. This
method removed bias from censored data and was only
necessary for parameters in control treatments (no plant or
CuONPs). Principal component analysis was used to explore
relationships between plant response and solution character-
istics, including concentration of Cu2þ, Cu ligands, pH, and
DOC. Pearson’s correlation coefficients (R) were also generated
to confirm relationships between variables.
Geochemical modeling

Copper complexes were modeled in the truly dissolved
fraction of the porewater (<2-nm fraction) using MINTEQ
(Gustafsson 2014). Model inputs (Supplemental Data,
Table S4) included the ligands determined from chromatogra-
phy in the porewater, the concentration of soluble metals
defined as M<2 quantified by ICP-MS in the filtrate from spin-
filters, and pH. Stability constants for Cu and Fe complexation
with DMA (Murakami et al. 1989), gluconate (Gajda et al. 1998;
Bechtold et al. 2002), and amino acids from GEOCHEM (Parker
et al. 1995) were added to themodel’s database. Themodel was
run with precipitation allowed (indicating equilibrium). The
CuONPs were modeled with a finite type IV solid phase of
crystalline tenorite, calculated as total mass of CuONPs added
initially to the Magenta boxes per volume of solution at the end
of the growth period. X-ray diffraction analysis of the CuONPs
showed the patterns typical for amonoclinic structure of tenorite
(Stewart et al. 2015). Currently, the stability constant for
nanoparticulate tenorite is not reported in the literature. David
et al. (2012) determined for ZnO that the log Ksp values for bulk
and larger NPs (20 and 71nm) were not different. The only
stability constant that differed from bulk was for the 6-nm ZnO
wileyonlinelibrary.com/ETC
NPs. The present modeling effort serves as a first approximation
of CuONP–solution phase interactions.
Quality control

Solution samples without filtration and one root from each
box were plated on lysogeny broth medium to assess microbial
colonization at plant harvest. Overall, 75% of plant roots and
solution plated onto lysogeny broth showed no culturable
bacterial or fungal infection after 5 d of plating. After 10d,
growth of microbes presumed to be dormant bacterial
endophytes was evident in some root samples.

All treatments were replicated in triplicate within each
experimental setup. For NP dosing at 0, 30, 100, and 300mg
Cu/kg, the experimental setupwas repeated 3 times over a 3-mo
period to account for biological variability (triplicate within
experiment times 3 experimental setups, n¼ 3�3¼ 9). For
dosing at 10 and 200mgCu/kg the experimental setup was
performedoncewith each treatment in triplicate (n¼3). This was
done for both planted and unplanted Magenta boxes.
Unplanted controls were used to show CuO dissolution in
0.7mM Ca(NO3)2 matrix and to ensure that DOC was derived
frombiological exudates. Controls of plants without NP addition
were also included to observe plant growth and Cu uptake
associated with Cu present in the seed. The US Environmental
Protection Agency’s quality control protocols for ensuring
accuracy and precision were followed for all analyses, including
the use of blanks, calibration check samples, replicate analyses,
and matrix spike samples.
RESULTS AND DISCUSSION

Plants responded with changed metal uptake and
morphology

Dose-dependent reduction in root elongation was ob-
served with wheat growth in the CuONP-amended sand
(Figure 1A), as reported (Dimkpa et al. 2012, 2013). Root dry
mass decreased by 50% for the dose of 300mg Cu/kg sand
compared to the control (Figure 1B). Shoot length and dry
weight, however, were not affected by NP dose
(15.65� 1.44 cm, averaged shoot length; 0.185� 0.024 g,
shoot dry weight). Minimal chlorosis (1–2 leaves out of 50
leaves per box and only slight yellowing) was found at the end
of the 10-d growth period, even in the control with no NPs and,
thus, was not caused by exposure to the CuONPs but rather
the depletion of nutrients stored in the seed.

Fageria (2001) and Davis and Beckett (1978) suggested an
upper threshold of 18mg Cu/kg dry shoot mass for wheat to
provide this essential nutrient without a decrease in yield, with
deficiency suggested below 1 to 5mgCu/kg dry shoot. In the
present study, with 10-d-old plants, the background Cu level (no
added NPs) was approximately 20mgCu/kg dry shoot
(Figure 1C), coming from supplies stored in the seed. Copper
increased up to 50mg Cu/kg dry shoot when grown with doses
of CuONPs of 100mgCu/kg sand and above, yet there was no
effect on shoot length or shoot dry weight (Figure 1C). Copper
�C 2018 SETAC



FIGURE 1: Response of wheat plants at 10 d of growth to dosing with copper oxide nanoparticles (CuONPs) as expressed by root length (A), root dry
weight yield (B), Cu concentration associated with the roots (C), Cu concentration in shoots (D), and the Cu concentration ratio in shoot/root (E).
Treatments with the same letters are not significantly different (a¼0.05) by Tukey’s honestly significant difference after log transformation. Error bars
are 95% confidence interval to illustrate the spread in the data.
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homeostasis in shoots was not maintained with doses of 100mg
Cu/kg sand and above, concentrations that changed root
morphology.

Root-associated Cu increased dose-dependently
(Figure 1D), with these values including both surface-adhered
particles and Cu inside the tissues. The roots assayed had been
rinsed only with deionized water, to avoid tissue damage and
leakage occurring with more rigorous cleaning methods.
Despite not distinguishing between Cu physically associated
with the roots, such as agglomerates on root hairs (Adams
et al. 2017) and within root cells, the concentration of Cu
associated with the roots was orders of magnitude higher than
in the shoots, implying control of translocation of Cu within the
plant, as reported by Gao et al. (2018) for wheat and in rice
(Peng et al. 2015, 2017). In the present study, only the control
showed greater accumulation of Cu in the shoots than roots,
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with a shoot to root ratio >1; all doses of CuONPs resulted in
partial exclusion of Cu partitioned into shoots (shoot/root >1;
Figure 1E).

Transport of Cu2þwithin a normally functioning plant is tightly
controlled by ligand exchange reactions within the plant.
Copper is sequestered in vacuoles of the root cells (Clemens
et al. 2002) as an exclusion strategy (Baker 1981). The observed
binding of Cu to root cell walls also would limit Cu flux to the
shoots (Kopittke et al. 2011, 2014; Peng et al. 2015; Meychik
et al. 2016). The translocation of intact CuONPs with subsequent
dissolution of CuONPs in planta also, however, is a potential
mechanism for increased uptake into the shoot (Wang et al.
2012). In the present study, concentrations>100mgCu/kg sand
had increased shoot Cu uptake compared to control plants
(Figure 1D). The form of the Cu loaded into the shoots was not
determined. Damage to a cell’s plasmalemma function by
wileyonlinelibrary.com/ETC
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CuONPs and/or Cu ion (Lee et al. 2008) could promote ingress
and flux of NPs alongwithCu2þ ion or Cu complexes through the
plant to the shoots. Dimkpa et al. (2013, 2012), using X-ray
absorption spectroscopy, identified Cu complexes in wheat
shoots. The shoot tissues had decreased chlorophyll contents
and increased oxidative stress in the roots, as determined by
increased lipid peroxidation and oxidized glutathione (Dimkpa
et al. 2012). Molecular analysis confirmed increased expression
for genes functioning in Cu chelation (Wright et al. 2016; Yang
et al. 2018) as examples for activated mechanisms for tolerance
to Cu, such as limiting Cu translocation into shoot tissue
(Figure 1E).
Increasing NP dose corresponds with increasing
DOC exudation

Dosing with increasing concentration of CuONPs, whether a
direct effect of theNPs or released ions, resulted in an increase in
wheat root exudation measured as changes in the DOC in the
porewaters (Figure 2A). Changes in DOC were not observed in
the unplanted, abiotic controls (31.6� 12.3mgC/L; average
� 95% confidence interval). There were no differences in DOC
concentration in the planted system in the porewaters depen-
dent on the processing methods of filtration versus centrifuga-
tion (i.e., 2-mmfilter vs 10 nm centrifugation and 2nm spin-filter).
FIGURE 2: Dissolved organic carbon (DOC) and copper (Cu) porewater con
(CuONPs). Concentration of DOC in porewater (there was no difference in DO
is <2nm in size or <3 kDa), (A). Copper in porewater distinguished by filtr
unplanted systems (B). For the unplanted, therewas nodifference in concentra
kilogram in the planted system, accounted for <0.1% of the added Cu in th
planted system ranged from 0.32 to 3.6mg/L. Error bars are 95% confidenc

wileyonlinelibrary.com/ETC
Thus, all DOC arising from root exudates, including low–
molecular weight organic acids, phytosiderophores such as
DMA, amino acids, and sugars, were molecules <2 nm in size.

The concentration of Cu in the porewater was dose-
dependent (Figure 2B); however, only 56% of Cu in the
porewater was defined as dissolved (<2 nm in size). The
remaining fractions were CuONPs >2 and <10 nm that may
be a product of NP remodeling during incubation in the
planted sand because there was no difference in Cu
concentration with size for the unplanted control. Because
the DOC was all <2 nm, Cu in the >2 and <10 nm fraction was
not associated with organic colloids. Dissolved Cu (defined as
Cu<2) accounted for <0.1% of the added Cu in the NPs
(Figure 2C).

The pH of the porewater at the end of the growth period was
influenced by CuONP dose. The pH was higher with growth at
200 and 300mg Cu/kg (ANOVA p< 0.0001; pH 7.5�0.3)
comparedwith a pH of 6.7� 0.1 fromgrowth with doses of 0, 10,
and 30mg/kg (Supplemental Data, Table S5). The change in pH
with dosing can be, in part, connected with the proton-
consuming reaction for the dissolution of CuO (e.g., CuOþ 2
Hþ¼Cu2þþH2O), although the extent of pH change is
mitigated by the buffering capacity of the system. Plants also
respond to metal challenges by altering the pH of the
rhizosphere. Gao et al. (2018) reported a half of a unit increase
centrations at 10 d of wheat growth dosed with Cu oxide nanoparticles
C concentration in the fractions of filtration size,<10 and<2nm; all DOC
ation size, as Cu<10 and Cu<2, across doses of CuONP in planted and
tionwith filter size. DissolvedCu (Cu<2), nowexpressed asmilligramsper
e nanoparticles (C). Free Cu2þ concentration in the porewater from the
e interval to illustrate the spread in the data.
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in pH (pH 6 to 6.5) of a wheat rhizosphere soil exposed to
500mgCu/kg as CuONPs compared to the bulk soil, which they
attributed to a plant response to exposure to Cu ions. A pH
effect with dosing was not observed in the unplanted system (pH
7.71�0.37) because <30mgCu/L was solubilized. There was
higher variability in pH in unplanted systems attributable to low
salt content and poor buffering, resulting in no statistical
difference (paired t test) between plant and unplanted systems
at each dosing.

The solubility of CuO as tenorite decreases an order of
magnitude with every 0.5 pH unit increase (Lindsay 1979), so the
enhanced dissolution with increasing pH is counter to theory.
The increased DOC released from the roots enhanced the
chelation power of the porewater, promoting CuO dissolution
such that it compensated for the decreased solubility with rise
in pH.

In the porewater, DOC and soluble Cu<2 were correlated
(r¼0.976, p< 0.0001; Figure 2A and B), supporting the
hypothesis that biological exudates drove NP dissolution. In
the unplanted system (i.e., sand amended with NPs but not
planted), the porewater had only background-detectable DOC
(Figure 2A) and the maximum concentration of Cu<2 in solution
was 28mg/L with up to 88% of the Cu<2 was as the free ion
Cu2þ. Porewater from planted systems, with higher DOC,
showed a lower ratio of Cu2þ/Cu<2 compared to unplanted
treatments because free Cu2þ was assessed at 1% of Cu<2.
Thus, the complexation engineered by the metabolites in the
DOC was a major driving force in CuONP dissolution in the
planted systems.

Growth of wheat with CuONPs increased soluble Cu from
the NPs in the porewater because of complexation of Cu with
ligands in the root exudates, thus subjecting the plants to Cu
toxicity. These processes constitute a feed-forward response
with NP exposure (i.e., with increasing NPs and associated
soluble Cu, more DOC is released, driving NP dissolution),
having positive implications for properly dosed nano-fertilizers
but potentially less favorable outcomes for higher doses/
contamination. Reduced root lengths (Figure 1A) may be offset
by a proliferation of longer root hairs, which is observed in
wheat grown with CuONPs (Adams et al. 2017); these
morphological changes could alter exudate release. Studies
of root morphology and exudate status over time may shed
light on this process.
Increasing exudation drove dissolution of
CuONPs

The characterized low–molecular weight organic acids,
amino acids, and DMA combined contributed 15�5% to the
DOC in the root exudates. The remaining carbon was present as
carbohydrates (70�30%) and proteins (15� 13%). The neutral
carbohydrates (e.g., sucrose, glucose, fructose) in the root
exudates are expected to play minor roles in dissolution of Cu
from the CuONPs because they lack carboxylic, S- or N-based
functional groups involved in Cu complexation. They were
shown not to drive dissolution of CuONPs in supporting
information by Wang et al. (2013). However, it is possible that
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certain larger carbohydrates may bind and cap the CuONPs,
though no literature has currently been found to qualify this.
Proteins, however, can form surface “coronas” on NPs (Lynch
and Dawson 2008; Xu et al. 2012), impacting the bioavailability
and bioreactivity of the NPs. For example, specific peptides
adsorb to CuONPs (Joshi et al. 2012), potentially altering the
CuONP bioreactivity.

Porewaters from unplanted sand had no citrate, malate, or
DMA and 70% lower gluconate compared to the respective
planted CuONP dose, indicating that DOC compounds were
plant-associated. Wheat responded to CuONPs with increased
release of DMA, citrate, and malate in the porewater and
enhanced gluconate formation (Figure 3). The source of
gluconate is unknown because wheat has not been reported
to produce gluconate, but this metabolite is known to be
secreted by bacteria and fungi (Wright et al. 2016). Wheat
seeds are carriers of endophytes, which were not always
eliminated by the surface sterilization processes used in these
studies.

The secreted wheat phytosiderophore DMA, amino acids,
and low–molecular weight organic acids will complex with Cu,
removing free Cu from solution and driving the dissolution of
the NPs forward. The solubility of CuO Ps without the plant
exudates (the unplanted control) was limited (Figure 2B).
Although doses >10mgCu/kg caused increased release of
malate, citrate, and gluconate, DMA did not increase over the
control until concentrations of the NPs were >30mgCu/kg.
Wheat responds to Cu ions by increasing root exudates. Nian
et al. (2002) observed enhanced root exudation of malate and
citrate in wheat exposed to 40mM (2540mg/L) Cu ions,
supplied as CuCl2. Copper complexing root exudates
increased in durum wheat on hydroponic exposure to 1mM
Cu2þ (Michaud et al. 2008). The concentration of free Cu2þ that
induced exudation was 63mg/L in the studies by Michaud et al.
(2008), whereas in our studies the concentration range of Cu2þ

was lower, from 0.32 to 3.6mg/L. In our studies, whether the
increased production of these metabolites was a direct
metabolic response of the plant to root cell damage caused
by the NPs and/or a consequence of enhanced soluble Cu
awaits resolution.
Identification of chelation potential of
metabolites in the porewaters

Geochemical modeling (MINTEQ) was employed to under-
stand Cu chelation under equilibrium solution conditions for the
<2-nm size fraction, the operationally defineddissolved fraction,
in the porewater. In terms of complexation, Cu–citrate was
predicted to be the dominant form of Cu in solution at CuONP
doses of 100mgCu/kg or less (Figure 4). The role of citrate in the
root exudates inCu solubilization from theCuONPs is supported
by observed enhanced dissolution, by up to 10-fold, irrespective
of pH (Mudunkotuwa et al. 2012). The formation of the Cu–
malate complex, predicted in significant amounts (Figure 4),
particularly at CuONP doses of 10 and 30mg Cu/kg sand,
similarly should promote CuONP dissolution. Although the
stability constant for Cu–malate (logK¼ 4.53) is lower than for
wileyonlinelibrary.com/ETC



FIGURE3: Effects of wheat growthwith copper oxide nanoparticles (CuONP) on deoxymugineic acid (A), (n¼3) and the low–molecular weight organic
acids, citrate (B), malate (C), and gluconate (D), (n¼9) detected in the porewater. Treatments with the same letters are not significantly different
(a¼0.05) by Tukey’s honestly significant difference after log transformation. Error bars are 95% confidence interval to illustrate the spread in the data.

FIGURE4: Copper (Cu) complexes in porewater at 10d of wheat growth
dosed with Cu oxide nanoparticles (CuONPs) as predicted by MINTEQ
(n¼3). TheMINTEQmodel will precipitate any species above saturation.
Model inputs included the ligands determined from chromatography of
the porewater, soluble metals from 3-kDa ultrafiltrates with ICP-MS
analysis (M<2, defined as dissolved), and pH. Cu2þ¼ free copper ion;
LMWOA¼ low–molecular weight organic acid; AA¼ amino acid;
DMA¼deoxymugineic acid.
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citrate (logK¼ 7.57), for the 1:1 complexes there is sufficient
concentration of malate to bind 12 to 14% of the soluble Cu at
the low dosing of NPs, contributing to dissolution of the NPs.
Complexation of Cu by amino acids in the root exudates was
predicted to also be important as dose increased. The dominant
Cu–amino acid complexes were Cu–arginineþ, Cu–glycineþ,
Cu–(glycine)2, and Cu–valineþ. At the high NP doses, 200 and
300mg Cu/kg sand, complexing with DMA was important.
Consequently, this modeling stresses different roles for the
differentmetabolites in the root exudates in complexingCu and,
thus, promoting dissolution of the NPs.
wileyonlinelibrary.com/ETC
Disturbed metal equilibrium in shoots caused by
CuONP growth

In addition to increasedCumeasure in shoots of plants grown
with CuONPs, there were changes in other essential metals.
Decrease in the other metals tested (Figure 5) in shoot and root
tissue may result from the decrease in root surface area at high
dosing of the NPs, limiting uptake. However, there are also
specific plant–metal interactions that affect uptake.

Shoot Fe decreased at the highest dosing of CuONP
(300mgCu/kg sand) compared to control plants (Figure 5A),
coinciding with the highest DMA exudation and, thus, metal
complexation potential (Figure 3A). Increases of Cu released
from the NPs in the porewater (Figure 2B) may relate to
formation of Cu–DMA complexes that impedes Fe uptake
(Figure 4). The Cu–DMA complex could interrupt the Fe uptake
mechanism of strategy II monocots, which uses predominantly
Fe–DMA in wheat (Michaud et al. 2007; Ryan et al. 2013;
Oburger et al. 2014). Application of ionic Cu was also
antagonistic to Fe in hydroponic durum wheat (Michaud et al.
2008). In the present study with bread wheat, Fe in roots could
not be accurately ascertained because of the Fe content of the
sand grains adhering to the root surface—these grains could not
be removed without potentially damaging the roots. The
decrease in shoot Fe may also be attributed to the precipitation
of Fe at the pH of this system, but geochemical modeling
indicates that all solution phase Fe is complexed with gluconate.
Manganese also decreased significantly in the shoots at CuONP
doses of 100mg Cu/kg sand and above compared with the
control (Figure 5A and B). A similar observation was reported for
cilantro shoots when CuONPs were added to potting soil
�C 2018 SETAC



FIGURE 5: Metal accumulation in wheat plant at 10 d of growth with dosing of copper oxide nanoparticles (CuONPs): Fe andMn shoots (A), Mn roots
(B), Ca and Mg shoots (C), Ca and Mg roots (D), K shoots (E), and K roots (F), (n¼9). Treatments with the same letters are not significantly different
(a¼0.05) by Tukey’s honestly significant difference after log transformation Error bars are 95% confidence interval to illustrate the spread in the data.
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(Zuverza-Mena et al. 2015). In root tissue, Mn was less affected
by growth with CuONPs (Figure 5B).

Calcium and Mg were dose-dependently lower in the shoot
and root with CuONP exposure (Figure 5C and D). Both Mg and
Ca are competing divalent cations taken up via nonselective
channel. At 20 and 80mgCu/kg soil, CuONPs similarly
depressed Ca and Mg in shoots of cilantro in potting mix soil
(Zuverza-Mena et al. 2015). It is possible that Cu in solution from
the CuONPs competed with Ca and Mg at the root surface,
limiting their uptake. In hydroponically grown wheat, Mg and Ca
ions reduced Cu ion toxicity (Luo et al. 2008; Wang et al. 2017).

A significant reduction in K in shoots and roots was found
(Figure 5E and F), being more severe at higher NP dose. These
results confirm previous findings with CuONPs for wheat
(Dimkpa et al. 2012) and maize (Wang et al. 2012), as well as
by exposure to Cu salts in chamomilla (Kov�a�cik et al. 2012). Efflux
of Kþ from plant cells is linked to increased oxidative stress
�C 2018 SETAC
(Murphy and Taiz 1997), a symptom of exposure of wheat roots
to Cu2þ and CuONPs (Dimkpa et al. 2012; Adams et al. 2017).
Cu speciation and plant response

Of the several models that describe Cu toxicity in plants, the
free ion activity model (FIAM) has toxicity driven by the activity of
the free Cu ion. Differentiating toxicity attributable to NPs versus
ions or Cu–organic matter complexes is a point of difficulty in
defining the toxic effects of CuONPs (Ivask et al. 2014). In this
section, the relationship between plant response (root and shoot
length, root and shoot dry weight yield, and root and shoot
tissue Cu concentration) and solution chemistries (Cu2þ, Cu
complexes, pH, DOC, Ca, and Fe) is explored. The present study
did not use growth conditions that maintained constant levels of
soluble Cu or the concentration of exudates. Both increasedwith
CuONP dosing (Figure 1), meaning that exudation and Cu
wileyonlinelibrary.com/ETC



FIGURE6: Principal component analysis of factors contributing towheat
plant uptake of Cu and the resulting bioresponse manifested as shoot
and root length, shoot and root yield (dry wt basis), and shoot and root
Cu concentration. Corresponding correlation matrix is in Table 1 and
Supplemental Data, Table S6. AA¼ amino acid; Cu2þ (ISE)¼ free copper
ions determinedby ion-selective electrode;DMA¼deoxymugineic acid.
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dissolution were mutually promoting. Principal component
analyses, therefore, were used to observe relationships among
solution species and plant responses (Figure 6 and Table 1).

In the shoot tissue, Cu was correlated with all forms of Cu in
solution (Figure 6 and Table 1). In the root tissue, Cuwas likewise
correlated with various forms of Cu in solution, with the
exception of Cu–citrate and Cu–malate. The plants’ response
of shortened root and shoot length and decreased root dry
weight correlated negatively DOC, Cu2þ, Cu<2, Cu–DMA, and
Cu–amino acid but not Cu–citrate or Cu–malate (Figure 6 and
Table 1). In an experiment with Cu ion toxicity on wheat, Parker
et al. (2001) demonstrated that Cu complexation by malonate,
malate, and citrate in hydroponic systems decreased toxicity,
although malate and malonate did not alleviate toxicity to the
predicted extent; a portion of the Cu–malate and Cu–malonate
was bioavailable contrary to the FIAM. Similarly, there is a lack of
correlation between Cu–citrate or Cu–malate formed in the
porewater during wheat growth and plant responses, indicating
that these ligands were protective to wheat.
TABLE 1: Correlation matrix for factors in Figure 6

Cu2þ

(mg/L)
Cu<2

(mg/L)
Cu-DMA
(mg/L)

Cu-AA
(mg/L)

Cu-citrate
(mg/L)

Cu shoot (mg/kg) 0.704a 0.895a 0.836a 0.875a 0.552a

Cu root (mg/kg) 0.844a 0.836a 0.923a 0.900a 0.100b

Root length (cm) –0.809a –0.931a –0.909a –0.922a –0.447b

Shoot length (cm) –0.651a –0.503a –0.669a –0.609a 0.281b

Root yield (g) –0.782a –0.809a –0.844a –0.833a –0.242b

Shoot yield (g) 0.152b 0.038b 0.151b 0.094b –0.322b

aIndicate correlation coefficients that are significant (a¼ 0.05). Correlation was estimat
bIndicate no significant relationships between those factors. Correlation was estimated
AA¼ amino acid; DMA¼deoxymugineic acid.
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An increase in Cu–DMA formation during growth with
CuONP at 100mgCu/kg (Figure 4) was associated with a
threshold break with shoot accumulation >30mgCu/kg
(Figure 1D). Copper–DMA formation was, therefore, correlated
with increased Cu uptake and overthrow of plant protective
mechanisms that otherwise limit Cu in the aboveground tissue.
Puschenreiter et al. (2017) demonstrated increased DMA
exudation in Fe-deficient soils and found enhanced Cu
concentration in wheat shoots. Copper–phytosiderophores are
likely taken up by oats (Ryan et al. 2013) and rice (Ando et al.
2013), but uptake is uncertain for barley (Ma and Nomoto 1993;
Ma et al. 1993). Oats, rice, and barley, like wheat, are strategy II
monocots, using phytosiderophores similar to DMA to chelate
and take up Fe. In the wheat system, Fe–DMAwas not predicted
by geochemical modeling to form at any CuONP dose owing to
the lower affinity of DMA for Fe than Cu (Murakami et al. 1989).
With geochemical modeling, DMA is predicted to be 100%
complexed with Cu over a pH range of 6 to 11; complexation of
DMA with Cu and Fe is consistent over relevant
environmental pH values. Thus, because there would be limited
Fe–DMA complexation, reduced uptake of Fe would be
expected with CuONP exposure. Similarly, in Fe-deficient soils,
the presence of Cu and other metals limited the formation of Fe–
DMA complexes and uptake of Fe into wheat (Puschenreiter
et al. 2017). In the present study conditions for seed-grown
young seedlings, low levels of CuONPs had little impact on Fe
homeostasis (Figure 5A), meaning a dose <200mgCu/kg sand
as CuONPs did not adversely affect Fe levels. The Fe shoot
concentration was not correlated with other test variables
(Supplemental Data, Tables S6 and S7). Copper concentration in
shoots was negatively correlated with shoot concentrations of
Ca,Mg,Mn, andK (Supplemental Data, Figure S2 andTable S7).
These relationships display discrimination for uptake of these
ions relative to Cu.

Modeling CuONP toxicity is still in its infancy; nomodel of NP
uptake or direct toxicity yet exists, despite several studies
showing that plant uptake of CuONPs occurs in hydroponics and
soil for rice (Peng et al. 2015, 2017) andmaize (Wang et al. 2012).
Taken together, this may mean that Cu toxicity from CuONPs in
these systems is derived from all forms, including the NPs
(Mudunkotuwa et al. 2012), and certain bioavailable Cu
complexes but with minor effects of free Cu2þ ions.
Cu-malate
(mg/L)

Cu
shoot
(mg/kg)

Cu root
(mg/kg)

Root
length
(cm)

Shoot
length
(cm)

Root
yield
(g)

Shoot
yield
(g)

0.489a 1.000a 0.828a –0.850a –0.295b –0.697a –0.139b

0.086b 0.828a 1.000a –0.846a –0.627a –0.830a 0.123b

–0.479b –0.850a –0.846a 1.000a 0.432a 0.812a –0.061b

0.311b –0.295b –0.627a 0.431a 1.000a 0.446a –0.333a

–0.328b –0.697a –0.830a 0.812a 0.446a 1.000a –0.091a

–0.233b –0.139b 0.123b –0.061b –0.333b –0.091b 1.000a

ed using row-wise comparisons.
using row-wise comparisons.
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Clearly, the specific exposure medium is highly influential in
terms of CuONPs and their biogeochemistry (Wang et al. 2013),
and the toxicity mechanisms of CuONPs remain inconclusive
(Djuri�si�c et al. 2015). For example, low-pH systems may drive
toxicity purely from ion release from theCuONPs (Shi et al. 2011;
Misra et al. 2012), whereas in higher-pH systems such as
calcareous soils (pH >8), CuONP toxicity could be driven by
CuONP uptake and dissolution of the NPs in the rhizosphere
controlled by complexation. As NP dose increased, complexa-
tion was dominant (such as Cu–DMA or Cu–citrate) and toxicity
increased. These findings implied that a greater understanding
of the components of DOC released into the rhizosphere from
plant roots is crucial in making a deterministic toxicity model to
describe how CuONPs may be transformed and have bioavail-
ability in agricultural settings. These processes are relevant in
whole soil because root exudates are essential components for
plants to obtain Fe and other micronutrients from insoluble
minerals in complex soil environments.
CONCLUSION

Effects of CuONPs on wheat growth and uptake of Cu and
other micronutrients involve complex processes occurring in the
rhizosphere and in planta. Challenges to wheat roots with high
concentrations (>100mgCu/kg sand) of CuONPs result in
greater root exudation and enhanced Cu solubility, Cu uptake,
and plant toxicity responses, observed as decreases in root
length and biomass. The presence of soluble, bioavailable Cu
complexes in the rhizosphere was correlated with this plant
response.

Root exudation may serve as a defense mechanism against
metal toxicity, but when challenged with higher dosing of
CuONPs, these root exudates enhanced solubility of the NPs,
overwhelming Cu tolerance in plants and breaking Cu homeo-
stasis. The association of CuONPs at the wheat root surface may
create toxicity as dissolution proceeds. The interplay between
higher concentrations of NPs and increased root exudation,
whether as a result of the NP or released ions, was found to drive
dissolution through complexation. Damage to plant cell
integrity may exacerbate this dissolution process in a feed-
forwardmechanism. The increased uptake of Cu into shoots with
increasing CuONP dose coincided with lower levels of Ca, Mg,
Mn, K, and Fe in the wheat shoots compared to controls. In
particular, Fe uptake in this system may be at a competitive
disadvantage as a result of conditions favoring Cu–DMA and
possibly restricting or eliminating Fe–DMA complexation. These
findings suggest possible problems in plant health as the wheat
matures in the presence of CuONPs.

Supplemental Data—The Supplemental Data are available on
the Wiley Online Library at DOI: 10.1002/etc.4226.
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